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INDUCTIVELY-DRIVEN PLASMA LIGHT
SOURCE

RELATED APPLICATIONS

This application claims priority to U.S. provisional appli-
cation Ser. No. 60/722,605 filed on Sep. 30, 2003, and entitled

“Inductively-Driven Plasma Light Source,” the entirety of
which 1s hereby incorporated herein by reference.

FIELD OF THE INVENTION

The mvention relates to methods and apparatus for gener-
ating a plasma, and more particularly, to methods and appa-
ratus for providing an inductively-driven plasma light source.

BACKGROUND OF THE INVENTION

Plasma discharges can be used 1n a variety of applications.
For example, a plasma discharge can be used to excite gases
to produce activated gases containing ions, iree radicals,
atoms and molecules. Plasma discharges also can be used to
produce electromagnetic radiation (e.g., light). The electro-
magnetic radiation produced as a result of a plasma discharge
can itself be used 1n a variety of applications. For example,
clectromagnetic radiation produced by a plasma discharge
can be a source of illumination for curing materials 1n a
semiconductor fabrication system.

SUMMARY OF THE INVENTION

In one embodiment, the present invention features an elec-
tromagnetic radiation source for curing a thin film material.

The invention, 1n one aspect, features an electromagnetic
radiation source that includes a toroidal chamber containing
an 1onizable medium. The source also mncludes a magnetic
core that surrounds a portion of the toroidal chamber. The
source also includes a pulse power system for providing
pulses of energy to the magnetic core for delivering power to
a plasma formed 1n the toroidal chamber to produce electro-
magnetic radiation that radiates radially through walls of the
toroidal chamber.

In some embodiments, the electromagnetic radiation radi-
ated radially through the walls of the toroidal chamber sub-
stantially uniformly i1lluminates a surface of a semiconductor
wafer. In some embodiments, the source includes a reflector
for directing a portion of the electromagnetic radiation
towards a material. In some embodiments, the ionizable
medium includes xenon, tin, zinc, cadmium, or mercury. In
some embodiments, the 10ni1zable medium includes a mixture
of mercury and a noble gas. In some embodiments, the mix-
ture includes about 20 to about 200 pug/cm” of mercury and
about 1 to about 10 ng/cm” of xenon. In some embodiments,
the 1oni1zable medium comprises a mixture of mercury and
one or more of krypton, neon and xenon. In some embodi-
ments, the electromagnetic radiation 1s substantially pro-
duced by 10ns of the 1onizable medium.

In some embodiments, the at least one pulse of energy 1s a
plurality of pulses between about 2 us and about 10 us with a
period of about 80 us. In some embodiments, the at least one
pulse of energy 1s a pulse of about 800 volts and at about 1000
amps. The pulse power system can deliver pulses of energy of
the same polarity, alternating polarity, or of any sequence of
polarity. In some embodiments, the pulse power system
includes a bridge circuit (e.g., half bridge or tull bridge) and
delivers pulses of energy to the magnetic core of alternating
polarity or sequences of varying polarity. In some embodi-

10

15

20

25

30

35

40

45

50

55

60

65

2

ments, the magnetic core 1s a plurality of cores each surround-
ing a portion of the toroidal chamber. In some embodiments,
the plurality of cores surrounds less than about 10% of the
circumierence of the toroidal chamber. In some embodi-
ments, the magnetic core 1s two or more (€.g., three) magnetic
cores each surrounding a portion of the toroidal chamber and
umiformly distributed along the circumierence of the toroidal
chamber. In some embodiments, the toroidal chamber 1s sub-

stantially transparent to UV radiation. In some embodiments,
the toroidal chamber includes quartz.

In some embodiments, the source includes a processing
chamber that recetves the electromagnetic energy that radi-
ates radially through the walls of the toroidal chamber. In
some embodiments, the processing chamber contains a semi-
conductor waler and the electromagnetic energy radiated
through the walls of the chamber cures a thin film on or over
the semiconductor watfer. In some embodiments, the source
includes a reflector positioned relative to the toroidal chamber
to retlect a portion of the electromagnetic radiation that radi-
ates radially through the walls of the toroidal chamber for use
in processing. In some embodiments, the electromagnetic
energy radiated through the walls of the toroidal chamber
interacts with an oxygen containing compound to produce
ozone. In some embodiments, the source 1includes a cooling
gas source (e.g., centrifugal blower, forced dratt fan, induced
draft fan, or other source of a cooling gas or fluid) configured
to direct a tlow of gas across an outer surface of the toroidal
chamber. The flow of gas may include one or more gases
and/or liquids. The flow of gas cools components (e.g., the
chamber) of the source. The flow of gas can be a flow of a
nitrogen containing gas. The tlow of gas can be an oxygen
free or substantially oxygen free gas. In some embodiments,
the source includes a housing containing the toroidal cham-
ber. In some embodiments, the source mncludes a cooling gas
source (e.g., a centrifugal blower) located in a housing for
directing a flow of gas across a surface o the toroidal chamber
and electrical components within the housing.

In another aspect, the invention features an electromag-
netic radiation source. The source includes a toroidal cham-
ber containing an 1onizable medium and a magnetic core that
surrounds a portion of the toroidal chamber. The source also
includes a pulse power system for providing high energy
pulses to the magnetic core for delivering power to a plasma
formed 1n the toroidal chamber to substantially 1onize the
plasma to produce ultraviolet light that radiates radially
through walls of the toroidal chamber.

In another aspect, the mvention features an electromag-
netic radiation source for curing a thin film matenal. The
source includes a toroidal chamber at least partially transpar-
ent to electromagnetic radiation for containing an 1onizable
medium. The source also includes a magnetic core that sur-
rounds a portion of the toroidal chamber. The source also
includes a pulse power system for providing pulses of energy
to the magnetic core for delivering power to a plasma formed
in the toroidal chamber to produce electromagnetic radiation
that radiates radially through walls of the toroidal chamber.

In another aspect, the invention relates to a method for
delivering electromagnetic radiation to a thin film matenal.
For example, the thin film can be the result of chemical vapor
deposition, a printing process or a spin-on process. The
method includes introducing an 1onizable medium, capable
of generating a plasma, into a toroidal chamber. The method
also includes applying at least one pulse of energy to a mag-
netic core that surrounds a portion of the toroidal chamber
such that the magnetic core delivers power to the plasma. The
method also includes directing the electromagnetic radiation



US 7,569,791 B2

3

emitted by the plasma radially through walls of the toroidal
chamber towards a thin {ilm matenial.

In another aspect, the mmvention features an electromag-
netic radiation source for curing a thin film material. The
source 1ncludes a toroidal chamber at least partially transpar-
ent to electromagnetic radiation for containing an 1onizable
medium. The source also includes a magnetic core that sur-
rounds a portion of the toroidal chamber. The source also
includes means for providing pulses of energy to the magnetic
core for delivering power to a plasma formed 1n the toroidal

chamber to produce electromagnetic radiation that radiates
radially through walls of the toroidal chamber.

In another aspect, the invention relates to a method for
producing e¢lectromagnetic radiation. The method involves
introducing an iomzable medium capable of generating a
plasma ito a toroidal chamber. The method also 1nvolves
applying at least one pulse of energy to a magnetic core that
surrounds a portion of the toroidal chamber such that the
magnetic core delivers power to the plasma. The method also
involves directing electromagnetic energy emitted by the
plasma radially through walls of the toroidal chamber.

In some embodiments, the method mvolves 1lluminating a
surface of a semiconductor water with the electromagnetic
energy emitted by the plasma radially through the walls of the
toroidal chamber. In some embodiments, the method 1nvolves
illuminating a thin film matenial with the electromagnetic
energy emitted by the plasma radially through the walls of the
toroidal chamber. The thin film material can be a dielectric
material.

In some embodiments, the method mvolves reflecting a
portion of the electromagnetic radiation towards a thin film
material. In some embodiments, the electromagnetic radia-
tion 1s substantially produced by ions of the ionizable
medium. The at least one pulse of energy can be a plurality of
pulses of between about 2 us to about 10 us with a period of
about 80 us. The magnetic core can be a plurality of cores
cach surrounding a portion of the toroidal chamber. The tor-
oidal chamber can be substantially transparent to UV radia-
tion.

In some embodiments, the method 1nvolves providing the
clectromagnetic radiation that radiates radially through the
walls of the toroidal chamber to a processing chamber. In
some embodiments, the method mvolves directing the elec-
tromagnetic energy radiated through the walls of the toroidal
chamber 1nto a process chamber to cure a thin film over a
semiconductor wafer. In some embodiments, the method
involves 1nteracting the electromagnetic energy radiated
through the walls of the toroidal chamber with an oxygen
containing compound to produce ozone. In some embodi-
ments, the method mvolves directing a flow of gas across an
outer surface of the toroidal chamber.

The mvention, 1n another aspect, features an electromag-
netic radiation source that includes a toroidal chamber for
generating electromagnetic radiation. The source also
includes a housing enclosing the chamber and being sealed to
maintain a substantially oxygen-free environment therein.
The source also includes a cooling gas source for circulating
a cooling gas (e.g., nitrogen) through the housing to cool the
toroidal chamber.

In some embodiments, the source also includes at least one
magnetic core located in the housing that surrounds a portion
of the toroidal chamber. In some embodiments, the source
also includes a pulse power system for providing pulses of
energy to the magnetic core for delivering power to a plasma
formed in the toroidal chamber to produce electromagnetic
radiation that radiates radially through walls of the toroidal
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chamber. In some embodiments, the source includes a heat
exchanger located 1n the housing to cool the cooling gas after
cooling the toroidal chamber.

The 1invention, 1n another aspect, features an electromag-
netic radiation source that includes a toroidal chamber con-
taining an 1omzable medium. The source also includes a
magnetic core that surrounds a portion of the toroidal cham-
ber. The source also includes a pulse power system for pro-
viding pulses of energy of alternating polarity to the magnetic
core for delivering power to a plasma formed 1n the toroidal
chamber to produce electromagnetic radiation that radiates
radially through walls of the toroidal chamber. In one
embodiment, the amount of material used in the magnetic
cores can be reduced by operating the source by providing
pulses of energy of alternating polarity.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s an 1sometric view ol a portion of an electromag-
netic radiation source that embodies the invention.

FIG. 2A 1s a schematic electrical circuit model of a power
system used in conjunction with an electromagnetic radiation
source, according to an illustrative embodiment of the inven-
tion.

FIG. 2B is a schematic electrical circuit model of a power
system used 1n conjunction with an electromagnetic radiation
source, according to an illustrative embodiment of the inven-
tion.

FIG. 3A 1s a schematic cross-sectional view of an electro-
magnetic radiation source, according to an 1llustrative
embodiment of the mnvention.

FIG. 3B 1s an expanded view of a portion of the electro-
magnetic radiation source of FIG. 3A.

FIG. 3C 1s a two-dimensional view of a portion of the
chamber, reflector and magnetic cores of the electromagnetic
radiation source of FIG. 3A.

FIG. 4 15 a partial schematic 1llustration of an electromag-
netic radiation source and process chamber, mncorporating
principles of the invention.

FIG. 5 1s a graphical representation of absolute 1rradiance
versus wavelength, using an electromagnetic radiation source
according to the invention.

DETAILED DESCRIPTION OF ILLUSTRATITV.
EMBODIMENTS

L1l

FIG. 1 1s an 1sometric view of a portion of an electromag-
netic radiation source 100 that incorporates principles of the
present invention. The source 100 includes a toroidal cham-
ber 108. In this embodiment, the toroidal chamber 108 1is
tabricated using quartz material that 1s substantially transpar-
ent to ultraviolet (UV) radiation. An 1onizable medium (e.g.,
Xenon, tin, zinc, cadmium, or mercury) 1s introduced into the
toroidal chamber 108 via an inlet 112. In some embodiments,
the 1nlet 112 1s sealed off after the mtroduction of the 10niz-
able medium. In some embodiments, the inlet 112 1s con-
nected to a gas pumping system (not shown) to, for example,
introduce a gas (e.g., an 1onizable medium) to the interior of
the toroidal chamber 108. In some embodiments, the toroidal
chamber 1ncludes an outlet (not shown) to permit gas to flow
out of the toroidal chamber 108.

In this embodiment, the source 100 also includes three
magnetic cores 104a, 1045 and 104¢ (generally 104) uni-
tormly spaced along the circumierence of the toroidal cham-
ber 108. The magnetic cores 104a, 1045 and 104¢ each define
an 1nterior passage 116a, 1165 and 116c¢. The toroidal cham-
ber 108 1s disposed relative to the magnetic cores 104a, 1045



US 7,569,791 B2

S

and 104c¢ such that a portion of the toroidal chamber 108
passes through the interior passage 1164, 1165 and 116c,
respectively, of the magnetic cores 104. The 1onizable
medium 1s used to generate a toroidal plasma within the
interior of the toroidal chamber 108. The magnetic cores 104
are linked by a primary winding 120 (1.¢., the primary wind-
ing 120 passes through the interior passages 116a, 1165 and
116¢ of the magnetic cores 104) forming a primary circuit of
a transformer that 1s used to induce the electric current 1n the
toroidal chamber 108.

In some embodiments, the source has a separate primary
winding 120 that passes through a passage of one of the
magnetic cores 104. By way of example, a {first primary
winding can pass through the interior passage 116a of mag-
netic core 104a; a second primary winding can pass through
the interior passage 1165 of magnetic core 104b; and a third
primary winding can pass through the interior passage 116c¢
of magnetic core 104¢. The windings (first, second and third)
can be electrically connected 1n series or 1in parallel as need to
achieve a desired transtormer ratio of the source 100.

A power system 124 1s coupled to ends 128a and 1285 of
the primary winding 120 and 1s 1n electrical communication
with the magnetic cores 104. The power system 124 induces
an electric current inside the toroidal chamber 108 that pro-
duces the toroidal plasma. The toroidal plasma functions as
the secondary circuit of the transformer according to Fara-
day’s law of induction. The toroidal plasma produces elec-
tromagnetic radiation (e.g., UV radiation) that radiates radi-
ally through walls of the toroidal chamber 108 towards, for
example, a thin film dielectric material. In some embodi-
ments, the source 100 produces ultraviolet radiation that 1s
used for cleaning semiconductor waters or flat panels.

In this embodiment, the chamber 108 1s a toroidal chamber
that has a generally uniform circular cross section along the
circumierence of the chamber. Alternative chamber shapes
can be used in various embodiments of the invention. For
example, the chamber 108 could have an oval, square, or
rectangular cross section along all or along a portion of the
circumfierence of the chamber. In some embodiments, the
chamber 1s an ovoid-shaped chamber.

FIG. 2A 1s a schematic electrical circuit model 200 of a
power system 236 used with, for example, the electromag-
netic radiation source 100 of FIG. 1. In this embodiment, the
power system 236 1s a pulse power system that delivers at
least one pulse of energy to the magnetic cores 104a, 1045
and 104¢. In this embodiment, the power system 236 delivers
pulses of energy of the same polarity to the magnetic cores
104a, 1045 and 104¢. In operation, the power system 236
typically delivers a series of pulses of energy to the magnetic
cores 104a, 1045 and 104 ¢ for delivering power to the plasma.
The power system 236 delivers pulses of energy to a primary
circuit 204 of a transformer (where the toroidal plasma
located 1n the toroidal chamber 108 1s the secondary circuit of
the transformer). The pulses of energy induce a flow of elec-
tric current 1n the magnetic cores 104 that delivers power to
the toroidal plasma 1n the toroidal chamber 108. The magni-
tude of the power delivered to the toroidal plasma depends on
the magnetic field produced by the magnetic cores 104 and
the frequency and magnitude of the pulses of energy delivered
to the transformer.

In some embodiments, the power system 236 delivers
pulses of energy of the same polarity, alternating polarity, or
ol any sequence of polarity. For example, 1n some embodi-
ments, the power system 236 1s modified to include a bridge
circuit (e.g., half bridge or full bridge) and delivers pulses of
energy to the magnetic cores 104a, 1045 and 104¢ of alter-
nating polarity or sequences of varying polarity. In some
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embodiments, the power system 236 provides a plurality of
pulses to the magnetic core 104. The pulses are provided for
a duration between about 2 us and about 4 us and have a
period of about 100 us. In some embodiments, the power
system 236 provides at least one pulse of energy at about 800
volts and at about 1000 amps. In some embodiments, the
power system 236 provides at least one pulse of current
greater than about 100 amps. In some embodiments, the
power system 236 provides at least one pulse of energy
greater than about 0.5 Joules per pulse.

In this embodiment, the power system 236 includes a
source of DC voltage 214 that has a positive voltage terminal
218 and a negative voltage terminal (or ground) 222. The
positive voltage terminal 218 1s 1n series with an inductor 226
and a diode 230. The inductor 226 and diode 230 are used to
charge capacitor 252 with the energy which will be trans-
ferred to the plasma when transistor 248 1s turned on.

The power system 236 also includes a gate driver 240 and
the transistor 248. The gate terminal 268 of the transistor 248
1s connected to an output 272 of the gate driver 240. The input
264 of the gate driver 240 1s connected to the negative voltage
terminal 222. The source terminal 276 of the transistor 248 1s
connected to the negative voltage terminal 222. The drain
terminal 280 of the transistor 248 1s connected to the output of
the diode 230 and to one connection of a capacitor 252. The
other connection to the capacitor 252 1s connected to one side
ol an optional inductor 210. In this embodiment, the inductor
210 1s a saturable inductor. The other connection to the induc-
tor 210 1s connected to a conductor 284 that passes through
the passages 116 of the magnetic cores 104. The conductor
284 15 the primary winding of a transformer, for example, the
primary winding 120 of FIG. 1. The conductor 284 then
terminates at the negative voltage terminal 222. The inductor
210 1s a magnetic switch that delivers energy stored in the
capacitor 252 to the magnetic cores 104 when the inductor
210 becomes saturated. The inductor 210 delays the point 1n
time when the energy stored 1n the capacitor 252 1s delivered
to the magnetic cores 104. In some embodiments, the optional
inductor 210 reduces energy dissipation 1n the transistor 248.
An mductor 256 and diode 260 are connected in parallel with
the magnetic cores 104 and function to provide a bias current
which resets the magnetic cores 104 between pulses. When
the gate driver 240 delivers a pulse to the gate 268 of transistor
248, the transistor 248 conducts current, discharging the
energy stored in capacitor 252 in a pulse through the magnetic
cores 104 and into the plasma 1n the toroidal chamber 108.
Subsequently the capacitor 252 1s recharged by the action of
the inductor 226 and diode 230.

In some embodiments, the power system 236 provides high
energy pulses to the magnetic core 104 for delivering power
to a plasma formed in the toroidal chamber 108. The high
energy pulses substantially 1onize the 1onizable medium to
produce electromagnetic radiation that 1s substantially ultra-
violet radiation that radiates radially through walls of the
toroidal chamber 108.

FIG. 2B 1s a schematic electrical circuit model 200 of a
power system 236 used with, for example, the electromag-
netic radiation source 100 of FIG. 1 or electromagnetic radia-
tion source 300 of FIGS. 3A, 3B and 3C. In this embodiment,
the power system 236 1includes a full bridge circuit and deliv-
ers pulses of energy of alternating polarity to the magnetic
cores 104a, 104H and 104¢. In operation, the power system
236 typically delivers a series of pulses of energy to the
magnetic cores 104a, 1045 and 104¢ for delivering power to
a plasma 1n a toroidal chamber 108 of the electromagnetic
radiation source. The power system 236 delivers pulses of
energy to a primary circuit 204 of a transformer (where the
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toroidal plasma located 1n the toroidal chamber 108 1s the
secondary circuit of the transformer). The pulses of energy
induce a flow of electric current in the magnetic cores 104 that
delivers power to the toroidal plasma 1n the toroidal chamber
108. The magnitude of the power delivered to the toroidal
plasma depends on the magnetic field produced by the mag-
netic cores 104 and the frequency and magnitude of the pulses
of energy delivered to the transformer.

In one embodiment, the pulses of energy provided to the
magnetic cores 104 are provided for a duration between about
2 us and about 4 us and have a period of about 100 us. In some
embodiments, the power system 236 provides at least one
pulse of energy at about 800 volts and at about 1000 amps. In
some embodiments, the power system 236 provides at least
one pulse of current greater than about 100 amps. In some
embodiments, the power system 236 provides at least one
pulse of energy greater than about 0.5 Joules per pulse.

In this embodiment, the power system 236 includes a
source of DC voltage 214 that has a positive voltage terminal
218 and a negative voltage terminal (or ground) 222. A
capacitor 290 1s located 1n parallel with the DC voltage source
214. A first end of the capacitor 290 1s connected to the
positive voltage terminal 218 and the second end of the
capacitor 290 1s connected to the negative voltage terminal
222. In some embodiments, the capacitor 290 filters out high
frequency spikes that the source of DC voltage 214 may
output. In some embodiments, the capacitor 290 1s a source of
current for the power system 236 when pulses of energy are
delivered to the magnetic cores 104. In some embodiments,
the capacitor 290 1s a filter and a source of current.

The power system 236 also includes four gate drivers 240aq,
2400, 240¢ and 240d (generally 240). The power system 236
also 1ncludes four transistors 248a, 2485, 248¢ and 2484
(generally 248) that are operatively connected to the four gate
drivers 240a, 2405, 240¢ and 2404, respectively. Each gate
driver 240 has an input 264 and an output 272. Each transistor
248 has a gate terminal 268, a drain terminal 280, and a source
terminal 276. The gate terminal 268 of the transistor 248 1s

connected to the output 272 of the gate driver 240. The power
system also includes four diodes 294a, 2945, 294¢ and 2944

(generally 294). A first end of the diode 294 1s connected to
the drain terminal 280 of the transistor 248. A second end of
the diode 294 1s connected to the source terminal 276 of the
transistor 248.

The drain terminal 280« of the transistor 2484 1s connected
to the positive voltage terminal 218. The source terminal 2764
of the transistor 248« 1s connected to the drain terminal 2805
of the transistor 2485. The source terminal 27654 of the tran-
s1stor 248b 1s connected to the negative voltage terminal 222.
The drain terminal 280¢ of the transistor 248c¢ 1s connected to
the positive voltage terminal 218. The source terminal 276¢ of
the transistor 248c¢ 1s connected to the drain terminal 2804 of
the transistor 248d. The source terminal 2764 of the transistor
248d 1s connected to the negative voltage terminal 222.

The power system 236 also includes a capacitor 296 and an
inductor 298. A first end of the capacitor 296 1s connected to
the source terminal 276a of the transistor 2484 and the drain
terminal 28056 of transistor 2485. The second end of the
capacitor 296 1s connected to a first end of a conductor 284
that passes through the passages 116 of the magnetic cores
104. The second end of the conductor 284 1s connected to a
first end of the inductor 298. The second end of the inductor
298 1s connected to the source terminal 276¢ of the transistor
248¢ and the drain terminal 2804 of transistor 2484.

In some embodiments, the inductor 298 i1s an electrical
component. In some embodiments, the inductor 298 1s induc-
tance due to leakage current 1n the transformer (the conductor
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284 1s the primary winding and the plasma loop 1n the cham-
ber 108 1s the secondary circuit of the transformer). The
inductor 298 may be a saturable inductor. In some embodi-
ments, the capacitor 296 resonates with the inductor 298 to
produce a sinusoidal pulse of current that 1s delivered to the
magnetic cores 104. In some embodiments, the capacitor 296
blocks DC current from being delivered to the magnetic cores
104.

When the gate driver 240 delivers a pulse to the gate 268 of
transistor 248, the transistor 248 conducts current. In one
embodiment, the power system 236 1s controlled such that
gate driver 240q delivers a pulse to the gate terminal 268a and
the gate driver 2404 delivers a pulse to the gate terminal 2684
causing current to flow 1n one direction through the conductor
284 to deliver a pulse energy to the magnetic cores 104 and
into the plasma 1n the toroidal chamber 108. The power sys-
tem 236 then commands the gate driver 240a to command the
transistor 248 to no longer conduct current and the gate driver
240d to command the transistor to no longer conduct current.
The power system 236 then commands the gate driver 24056 to
deliver a pulse to the gate terminal 2685 and the gate driver
240¢ to deliver a pulse to the gate terminal 268¢ causing
current to flow 1n the opposite direction through the conductor
284 to deliver a pulse energy (of opposite polarity) to the
magnetic cores 104 and into the plasma in the toroidal cham-
ber 108. In this manner, the power system 236 provides pulses
of energy to the magnetic cores of alternating polarity.

In some embodiments of the invention, 1t 1s desirable for
the power system 236 to provide pulses of energy of alternat-
ing polarity to the magnetic cores 104 to prevent the magnetic
cores 104 from saturating as easily as they would with repeti-
tive pulses of energy of the same polarity. One benefit of the
power system 236 providing pulses of energy of alternating
polarity 1s that less magnetic core material 1s needed during
operation because the magnetic cores are used more eifi-
ciently and the likelithood of the magnetic cores saturating
during operation 1s reduced. An additional benefit of using
less magnetic core material 1s that the magnetic cores 104 are
smaller 1n s1ze which blocks less light that 1s emitted by the
plasma through the walls of the plasma chamber 108.

In some embodiments, the capacitor 296 has a capacitance
of about 3.5 uF and the inductor 298 has an inductance of less
than about 1 uH. In some embodiments, the capacitor 296 has
a capacitance of greater than about 30 uF and the inductor 298
has an inductance of less than about 1 uH. Alternative values
ol capacitance and inductance can be used to modily the
operation of the power system 236 and the electromagnetic
radiation source. By way of example, 1n one embodiment,
when the capacitor 296 has a capacitance of about 3.5 uF and
the inductor 298 has an inductance of less than about 1 uH, the
shape of the pulses of energy provided by the power system
236 to the magnetic cores 104 1s sinusoidal in shape. In
contrast, 1n another embodiment, when the capacitor 296 has
a capacitance of greater than about 30 uF and the inductor 298
has an inductance of less than about 1 uH, the shape of the
pulses of energy provided by the power system 236 to the
magnetic cores 104 1s rectangular in shape.

In some embodiments, the power system 236 includes a
half bridge circuit. In the half bridge circuit, the gate driver
240c¢, transistor 248¢ and diode 294c¢ 1s replaced with a first
capacitor and the gate driver 2404, transistor 2484 and diode
294d 1s replaced with a second capacitor. The first end of the
first capacitor 1s connected to the positive voltage terminal
218. The second end of the first capacitor 1s connected to the
second end of the inductor 298 and the first end of the second
capacitor. The second end of the second capacitor 1s con-
nected to the negative voltage terminal 222.
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FIGS. 3A, 3B and 3C are schematic views of an electro-
magnetic radiation source 300, according to an 1illustrative
embodiment of the invention. Referring to FIG. 3A, the
source 300 includes a housing 304 that contains a chamber
316 (e.g., the toroidal chamber 108 of FIG. 1) and three
magnetic cores 328a, 3280 and 328¢ (only 328a 1s shown in
FIG. 3A for clanty of illustration purposes). The magnetic
cores 328a, 3286 and 328¢ each define an interior passage
332a, 332b and 332¢, respectively. The chamber 316 passes
through the interior passages 332a, 3326 and 332¢ of the
magnetic cores 328a, 3280 and 328¢. Primary windings 350aq,
3500 and 350c¢ passes through the interior passages 332a,
3326 and 332c, respectively, to form a primary circuit of a
transformer, similarly as discussed previously herein. The
primary windings 350a, 3505 and 350c¢ are electrically con-
nected 1n series to a power system, for example, the power
system 236 of FIG. 2A. The power system provides power to
the magnetic cores 328a, 3285 and 328c¢ which in turn pro-
vide power to a plasma formed 1n the chamber 316. The power
provided to the plasma by the magnetic cores 328a, 3285 and
328¢ 10onizes an 1onizable medium (e.g., mercury) that is
introduced 1n to the chamber 316 via aninlet 314. The 1oni1zed
ionizable medium produces ultraviolet radiation that radiates
radially through the walls of the chamber 316. In some
embodiments, the primary windings 350a, 3505 and 350c¢ are
electrically connected in parallel to the power system.

The source 300 also includes a retlector 324. The retlector
324 surrounds the chamber 316 so that the electromagnetic
radiation radiated radially through the walls of the chamber
316 1n directions other than direction 336 i1s substantially
reflected by the reflector 324 towards the direction 336. In this
manner, a substantial amount of the electromagnetic radiation
exiting the chamber 316 1s directed towards and through a
window 380 located at the front 340 of the retlector 324
located at the bottom (when viewed 1n FIG. 3A) of the hous-
ing 304.

The window 380 can be, for example, a panel or sheet of
material that 1s transparent or substantially transparent to
clectromagnetic radiation. In some embodiments, the win-
dow 380 1s transparent to one or more particular bands of
frequencies of electromagnetic radiation. In some embodi-
ments, the inside 344 of the reflector 324 1s coated with a
matenal (e.g., film or coating) that enhances the reflective
properties of the retlector 324. In one embodiment, the inside
344 of the reflector 324 1s coated with a material that mini-
mizes the retlection (e.g., absorbs) of wavelengths of electro-
magnetic radiation 1n the inira-red spectrum while reflecting,
wavelengths of electromagnetic radiation 1n the ultra-violet
radiation. In this manner, operation of the electromagnetic
radiation source 300 can be tailored for particular applica-
tions.

The source 300 also 1includes a cooling gas source 308 that
provides a flow of gas 320 to aconduit 312 1n the housing 304.
In this embodiment, the cooling gas source 308 1s a centrifu-
gal blower. An exemplary centrifugal blower 1s a Nautilair™
8.9" (225 mm) Variable Speed Blower, Model 150240-00
manufactured by Ametek, Inc. with offices in Kent, Ohio. The
flow of gas 320 travels through the conduit 312 and 1s directed
towards and through an opening in the reflector 324. The flow
of gas 320 1s directed across an outer surface of the chamber
316 to cool the chamber during operation. In this manner, the
chamber 316 1s enveloped 1n a high velocity gas flow 320. The
flow of gas 320 1s then directed through the housing 304
towards a heat exchanger 372.

At least a portion of the tlow of gas 320 travels along the
positive direction of the X-axis and through the heat
exchanger 372 (from a first side 376a of the heat exchanger
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3’72 to a second side 376b of the heat exchanger 372). As the
flow of gas 320 passes through the heat exchanger 372, heat
transier fins (not shown) of the heat exchanger 372 removes
heat from the flow of gas 320. The heat exchanger 372 cools
the flow of gas 320 so that 1t can be re-circulated or re-pumped
by the cooling gas source 308 towards the chamber 316. The
flow of gas 320 1s directed towards and 1n an inlet 368 of the
cooling gas source 308 and 1s provided to the conduit 312.

In one embodiment, the housing 304 1s sealed from the
outside environment and the cooling gas source 308 pumps a
gas that 1s substantially free of oxygen (e.g., 1t 1s a gas that
contains Nitrogen or contains only a small amount of oxygen
that does not adversely affect operation of the source 300).
The housing 304 encloses the chamber 316 and 1s sealed to
maintain a substantially oxygen-iree environment in the
housing 304. By pumping a gas that does not contain oxygen,
it 1s possible to minimize or eliminate the production of
ozone. Ozone 1s a reactive gas that could attack or react with
the components within the housing 304. Other reasons for
climinating or minimizing ozone production in the housing
include, ozone 1s highly toxic, ozone 1s expensive to destroy
in an air cleaning system after it 1s formed, and oxygen and
ozone will absorb short wavelength UV light reducing the
elfectiveness of the light source for some applications.

FIG. 4 1s a partial schematic 1llustration of an electromag-
netic radiation system 400 for producing electromagnetic
radiation that embodies the invention. The system 400
includes a housing 408 that contains a chamber 484 (e.g., a
toroidal chamber). The system 400 also includes a power
supply 424 that provides power via conductor 428 to at least
one magnetic core 460. The at least one magnetic core 460
surrounds a portion of the chamber 484. The at least one
magnetic core 460 provides power to a plasma formed in the
chamber 484, for example, similarly as described previously
herein regarding FIGS. 1 and 2A. The plasma formed 1n the
chamber generates electromagnetic radiation 432 that 1s radi-
ated radially through the walls of the chamber 484.

The system 400 also includes a retlector 450. Some of the
clectromagnetic radiation 432 radiates directly towards a
window 472 coupled to the housing 408. Some of the elec-
tromagnetic radiation 432 radiates towards the reflector 450.
The retlector retlects this electromagnetic radiation and
directs 1t towards the window 472. The combination of elec-
tromagnetic radiation 432 passes through the window 472 1n
to a process chamber 434. A sample holder 460 positioned in
the process chamber 434 supports a material 456 (e.g., a
waler or panel) that 1s processed by the electromagnetic radia-
tion 432. In one embodiment, the electromagnetic radiation
facilitates curing of a thin film material located on the mate-
rial 456.

Embodiments of the invention can be used 1n a variety of
applications. In one embodiment, an electromagnetic radia-
tion source (e.g., the electromagnetic radiation source 300 of
FIGS. 3A, 3B and 3C) 1s used to deliver ultraviolet electro-
magnetic radiation through the window 380 to a processing
chamber (e.g., the chamber 404 of FIG. 4). The ultraviolet
radiation reacts with oxygen 1n the processing chamber to
produce ozone 1n the processing chamber. The ozone reacts
with hydrocarbons on a surface of a specimen located 1n the
processing chamber to remove hydrocarbons on the surface
of the specimen. Additional applications are contemplated for
use with electromagnetic radiation sources incorporating
principles of the invention. For example, electromagnetic
radiation source incorporating principles of the imvention can
be used for curing thin films of material (e.g., dielectric mate-
rials) on semiconductor wafers, curing inks and paints, pro-
viding UV light as part of an imprint lithography process,
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treating photoresist used 1n semiconductor processing or as a
light source for lithography used 1n semiconductor process-
ing.

By way of illustration, the electromagnetic radiation
source 300 of FIGS. 3A, 3B and 3C was used 1in an experiment
to generate electromagnetic radiation. A mixture ol xenon
and mercury was mtroduced into the chamber 316 via the
inlet 314 and the inlet 314 was sealed. The chamber 316 was
a toroidally shaped chamber and the inlet 314 was a tubular
shaped body fabricated from Suprasil® quartz (Heraeus
Quarzschmelze G.m.b.H., Germany). The inlet 314 was
sealed by melting and fuising the nlet 314. In this experi-
ment, approximately 4 pg/cm” of xenon and approximately
35 ug/cm” of mercury were introduced into the chamber 316.
The power system 236 of FIG. 2A was used to provide
approximately 8750 watts of power to the three magnetic
cores 328a, 328b and 328c¢. The three magnetic cores 328a,
3286 and 328c¢ provided approximately 8750 watts less about
100-200 watts (due to magnetic core losses) of power to a
plasma formed in the chamber 316. The repetition rate was
8.75 kHz for the pulses of energy provided to the magnetic
cores 328a, 328b and 328c¢. The energy per pulses was
approximately 1 Joule. The total mnput power to the power
system 236 of FIG. 2A was about 9600 watts.

FIG. 5 1s a graphical representation of a plot 500 of a
measurement of absolute irradiance versus wavelength pro-
duced with an electromagnetic radiation source, such as the
clectromagnetic radiation source 300 of FIGS. 3A, 3B and
3C. The Y-axis 504 of the plot 500 1s the absolute 1rradiance 1n
units of uW/cm*nm. The X-axis 508 of the plot 500 is wave-
length of the electromagnetic radiation 1n units of nm. Curve
512 1s the measured absolute 1rradiance versus wavelength
between 200 nm and 400 nm. The irradiance curve 512 was
measured using a fiber optic probe positioned about 18 cm
from the center of the quartz chamber 316 and collimated to
view a 2.5 cm extent of plasma along the toroidal chamber
316.

Variations, modifications, and other implementations of
what 1s described herein will occur to those of ordinary skall
in the art without departing from the spirit and the scope of the
invention and are considered to be encompassed thereby.
Accordingly, the invention 1s not to be defined only by the
preceding 1llustrative description.

What 1s claimed 1s:

1. An electromagnetic radiation source comprising:

a toroidal chamber containing a plasma formed from an
1onizable medium;

a plurality of magnetic cores that each surround a portion of
the toroidal chamber, the plurality of magnetic cores
surrounding less than about 10% of the circumierence of
the toroidal chamber;

a pulse power system for providing pulses of energy of
between about 2 us to about 10 us to the plurality of
magnetic cores for delivering power to the plasma 1n the
toroidal chamber to produce electromagnetic radiation
that radiates radially through walls of the toroidal cham-
ber; and

a retlector for directing a portion of the radially radiated
clectromagnetic radiation for use in processing.

2. The source of claim 1, wherein the electromagnetic
radiation radiated radially through the walls of the toroidal
chamber substantially uniformly illuminates a surface of a
semiconductor wafer.

3. The source of claam 1, wherein the radially radiated
clectromagnetic radiation 1s directed towards a thin film
material.
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4. The source of claim 3, wherein the thin film material 1s
a dielectric material.

5. The source of claim 1, wherein the 1onizable medium
comprises Xenon, tin, zinc, cadmium, or mercury.

6. The source of claim 1, wheremn the electromagnetic

radiation 1s substantially produced by 1ons of the ionizable
medium.

7. The source of claim 1, wherein the pulses of energy are
pulses of about 800 volts at about 1000 amps.

8. The source of claim 1, wherein the pulses of energy are
pulses of current greater than about 100 amps.

9. The source of claim 1, wherein the pulses of energy are
pulses greater than about 0.5 Joules per pulse.

10. The source of claim 1, wherein the pulse power system
delivers energy of the same polarity or alternating polarity to
the plurality of magnetic cores.

11. The source of claim 1, wherein the pulse power system
comprises a hall bridge or full bridge circuat.

12. The source of claim 1, wherein the magnetic cores are
uniformly distributed along the circumierence of the toroidal
chamber.

13. The source of claim 1, wherein the toroidal chamber 1s
substantially transparent to UV radiation.

14. The source of claim 1, wherein the toroidal chamber
comprises quartz.

15. The source of claim 1, comprising a processing cham-
ber that receives the electromagnetic radiation that radiates
radially through the walls of the toroidal chamber.

16. The source of claim 15, wherein the processing cham-
ber contains a semiconductor watfer and the electromagnetic
energy radiated through the walls of the chamber cures a thin
film over the semiconductor water.

17. The source of claim 1, wherein the electromagnetic
energy radiated through the walls of the toroidal chamber
interacts with an oxygen containing compound to produce
0Zone.

18. The source of claim 1, comprising a fan configured to
direct a flow of gas across an outer surface of the toroidal
chamber.

19. The source of claim 18, wherein the tlow of gas 1s a flow
of a nitrogen containing gas.

20.The source of claim 18, wherein the flow of gas 1s a flow
of an oxygen Iree gas.

21. The source of claim 1, comprising a housing containing,
the toroidal chamber.

22. The source of claim 21, comprising a fan located 1n the
housing for directing a flow of gas across a surface of the
toroidal chamber and electrical components within the hous-
ng.

23. The source of claim 1, wherein the 10onizable medium
comprises a mixture of mercury and a noble gas.

24. The source of claim 23, wherein the mixture comprises
about 20 to about 200 ug/cm” of mercury and about 1 to about
10 ng/cm” of xenon.

25. The source of claim 1, wherein the 1onizable medium
comprises a mixture ol mercury and one or more of krypton,
neon and xenon.

26. The source of claim 1, comprising:

a housing enclosing the toroidal chamber and being sealed
to maintain a substantially oxygen-iree environment
therein; and

a cooling gas source for circulating a cooling gas through
the housing to cool the toroidal chamber.

277. The source of claim 26, comprising a heat exchanger

located 1n the housing to cool the cooling gas after cooling the
toroidal chamber.
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28. An electromagnetic radiation source for providing elec-

tromagnetic energy comprising:

a toroidal chamber containing a plasma formed from an
1onizable medium;

a plurality of magnetic cores that each surround a portion of
the toroidal chamber, the plurality of magnetic cores
surrounding less than about 10% of the circumierence of
the toroidal chamber:

a pulse power system for providing high energy pulses of
between about 2 us to about 10 us to the plurality of
magnetic cores for delivering power to the plasma 1n the
toroidal chamber to substantially 1omize the 1onizable
medium and produce ultraviolet light that radiates radi-
ally through walls of the toroidal chamber; and

a reflector for directing a portion of the radially radiated
clectromagnetic radiation for use 1n processing.

29. An electromagnetic radiation source for curing a thin

f1lm material comprising;:

a toroidal chamber at least partially transparent to electro-
magnetic radiation for containing a plasma formed from
an 1onizable medium:;

a plurality of magnetic cores that each surround a portion of
the toroidal chamber, the plurality of magnetic cores
surrounding less than about 10% of the circumierence of
the toroidal chamber;

a pulse power system for providing pulses of energy of
between about 2 us to about 10 us to the plurality of
magnetic cores for delivering power to the plasma 1n the
toroidal chamber to produce electromagnetic radiation
that radiates radially through walls of the toroidal cham-
ber; and

a reflector for directing a portion of the radially radiated
clectromagnetic radiation toward a thin film matenal.

30. An electromagnetic radiation source for curing a thin

f1lm material comprising;:

a toroidal chamber at least partially transparent to electro-
magnetic radiation for containing a plasma formed from
an 1onizable medium;

a plurality of magnetic cores that each surround a portion of
the toroidal chamber, the plurality of magnetic cores
surrounding less than about 10% of the circumierence of
the toroidal chamber;

means for providing pulses of energy of between about 2 us
to about 10 us to the plurality of magnetic cores for
delivering power to the plasma 1n the toroidal chamber to
produce electromagnetic radiation that radiates radially
through walls of the toroidal chamber; and

a reflector for directing a portion of the radially radiated
clectromagnetic radiation toward a thin film matenal.

31. A method for producing electromagnetic radiation

comprising;
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generating a plasma 1n a toroidal chamber;

applying pulses of energy of between about 2 us to about 10
us to a plurality of magnetic cores that each surround a
portion of the toroidal chamber such that the plurality of
magnetic cores deliver power to the plasma, the plurality
of magnetic cores surrounding less than about 10% of
the circumterence of the toroidal chamber; and

directing electromagnetic energy emitted by the plasma
radially through walls of the toroidal chamber for use in
processing.

32. The method of claim 31, comprising 1lluminating a
surface of a semiconductor waler with the electromagnetic
energy emitted by the plasma radially through the walls of the
toroidal chamber.

33. The method of claim 31, comprising 1lluminating a thin
f1lm material with the electromagnetic energy emitted by the
plasma radially through the walls of the toroidal chamber.

34. The method of claim 33, wherein the thin film material
1s a dielectric matenal.

35. The method of claim 31, wherein the toroidal chamber
1s substantially transparent to UV radiation.

36. The method of claim 31, providing the electromagnetic
radiation that radiates radially through the walls of the toroi-
dal chamber to a processing chamber.

37. The method of claim 31, comprising directing the elec-
tromagnetic energy radiated through the walls of the toroidal
chamber 1nto a process chamber to cure a thin film over a
semiconductor wafer.

38. The method of claim 31, comprising interacting the
clectromagnetic energy radiated through the walls of the tor-
oidal chamber with an oxygen containing compound to pro-
duce ozone.

39. The method of claim 31, comprising directing a flow of
gas across an outer surface of the toroidal chamber.

40. An electromagnetic radiation source comprising:

a toroidal chamber containing a plasma formed from an

1onizable medium:

a plurality of magnetic cores that each surround a portion of
the toroidal chamber, the plurality of magnetic cores
surrounding less than about 10% of the circumierence of
the toroidal chamber;

a pulse power system for providing pulses of energy of
between about 2 us to about 10 us and of alternating
polarity to the plurality of magnetic cores for delivering
power to the plasma 1n the toroidal chamber to produce
clectromagnetic radiation that radiates radially through
walls of the toroidal chamber; and

a reflector for directing a portion of the radially radiated
clectromagnetic radiation for use 1n processing.
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